The presented article describes the methodology and results of investigating the capability of multiwalled carbon nanotube as sorbent in an efficient extraction method for determination of organochlorine pesticides, α-BHC, β-BHC, γ-BHC, heptachlor, endrin, aldrin, 4,4′-DDD, 4,4′-DDE and 4,4′-DDT, in soil media. Matrix solid-phase dispersion was optimized for extraction from small amounts of soil samples and the resulting extracts were pre-concentrated using dispersive liquidliquid microextraction. The most important experimental parameters of both extraction procedures were studied and the optimum conditions for simultaneous analysis of the target analytes were determined. In the final analysis procedure, a 0.20 g portion of dried soil sample was extracted by dichloromethane after being mixed with 0.020 g of carbon nanotube and 0.400 g of silica gel. Then, dispersive liquid-liquid extraction was used to pre-concentrate the extract before injecting the sample into the gas chromatographic system. The pre-concentration step showed to have up to 32 times of enrichment capability and the total procedure had reasonable sensitivity and reproducibility, with limit of detections <1.6 ng g −1 and relative standard deviation values below 8.1%, respectively. It was also demonstrated that the organic content of the soil can alter the extraction efficiency (70-105%), depending on both the amount of the organic matter and the individual analyte. Therefore, the importance of matrix spike samples, throughout the method validation procedure, was confirmed.
Introduction
Production and consumption of chemical pesticides to cover the increasing worldwide demand for food is still an inevitable fact, although many interdisciplinary organic agriculture programs have been developed and promoted by local and global organizations (e.g., FAO). It is also known that of all the pesticides used in a typical field, only a tiny fraction reaches the target pests and the remaining is distributed in the environment and impact the ecosystems in various paths (1) and soil as the first reservoir of these pollutants undergoes miscellaneous undesired impacts (2) . In this regard, directives such as Directive 2009/128/EC and Directive 91/414/EEC have been established to control the proper and sustainable use of pesticides. However, organochlorine pesticides, which due to their persistence, toxicity and bioaccumulation characteristics, are among the mostly concerned organic pollutants, are still in use and have been detected in soil and other environmental media (3) (4) (5) (6) (7) .
Various extraction and cleanup techniques have been implemented for organochlorine pesticides in soil. EPA introduces Soxhlet with hexane-acetone (1:1) or methylene chloride-acetone (1:1) (Method 3540), automated Soxhlet (Method 3541), pressurized fluid extraction (Method 3545), microwave extraction (Method 3546), ultrasonic extraction (Method 3550) and supercritical fluid extraction (SFE) (Method 3562), for this purpose. Review of the scientific research literature reveals more examples of these techniques as well as other progressing extraction methods. For example, microwave assisted extraction (MAE) (8) , combination of MAE and solid-phase extraction (SPE) (9) (10) (11) , solid-phase microextraction (SPME) (12) (13) (14) and its combination with micellar extraction (15) , various forms of liquid-phase microextraction (16, 17) , QuEChERS (18, 19) , SPE on cigarette filter, as an unconventional sorbent (20) , gas purge microsyringe extraction (GP-MSE) (21) , dispersive solidphase extraction (d-SPE) (22) , pressurized liquid extraction (PLE) or accelerated solvent extraction (8, 22, 23) , ultrasonic solvent extraction (in marine sediments) (24, 25) and miniaturized ultrasonic extraction (26) , SFE (27, 28) , and finally matrix solid-phase dispersion (MSPD) based on conventional dispersing material (29) .
MSPD developed and introduced by S.A. Barker (30) is an efficient and simple technique for extraction from solid and semi-solid matrixes. The extraction procedure consists of disintegrating the sample matrix via mixing with inorganic (such as silica gel) and organic (such as C18) sorbents, and elution of the analytes using proper organic solvent(s). In addition to dispersing the sample matrix and facilitating the extraction process, the mentioned materials can improve the extraction efficiency and simultaneously cleanup the final extract. Throughout the numerous applications of this technique, the basic procedure has remained relatively intact and most of the method development studies have been focused on optimizing the experimental parameters, such as solvent type, sorbent type and sorbent:sample weight ratio. Flexibility and efficacy of MSPD for extraction of various analytes from different matrices and also recent trends in MSPD research have been concisely reviewed (31) (32) (33) (34) .
Dispersive liquid-liquid microextraction (DLLME) is another extraction techniques that has been implemented in the present article. DLLME is a successful adaptation from cloud point extraction and homogenous liquid-liquid extraction (35) . The fundamentals and varieties of this technique for pesticide analysis purposes has been reviewed (36) .
Nanoparticles, having large surface area combined with extremely small particle size, have become interesting candidates as sorbents in recent analytical method development studies. Various applications of nanoparticles and especially, carbon nanotubes (CNTs) in the analytical fields have been reported (37, 38) . Multiwalled carbon nanotube (MWCNT) is among the most frequently used nanoparticles in the extraction techniques and as the examples of its application in MSPD, extraction of different pesticides from vegetables and fruits (39, 40) , could be mentioned.
The goal of the present study was to optimize silica gel-MWCNT based MSPD for simultaneous trace analysis of nine organochlorine pesticides. DLLME has also been considered to be coupled with MSPD to improve the overall performance of the method. In the present work, the main benefit of DLLME was to reproducibly reduce the final sample volume and improve the method sensitivity, while keeping the risk of sample loss at minimum. This strategy has been implemented in few published studies (41) (42) (43) (44) (45) .
The most important experimental parameters of this extraction techniques were optimized too. To the best of the authors' knowledge, this is the first time that such procedure has been implemented for organochlorine pesticides in soil samples.
Experimental

Chemicals
Mix standard solution of the analytes, α-BHC (25 mg L ), in isooctane was purchased from Supelco (USA). Solvents used in sample preparation, methanol, acetone, acetonitrile (ACN), dichloromethane (DCM), carbon tetrachloride (CTC), ethylene tetrachloride (ETC), chlorobenzene (CB) and hexane were of chromatographic grade and from Sigma-Aldrich (USA). Trichlorobenzene as the internal standard, silica (mesh 60) and sodium sulfate were from Merck (USA). High performance liquid chromatography grade water was prepared using a Milli-Q system (Millipore, USA) equipped with a 0.22 µm filter. MWCNT (10-20 nm) with purity of >95%, used as dispersing material, was purchased from Neutrino Corp. (Iran).
Chromatographic analysis
An Agilent 7890A GC equipped with spilt/splitless injector and microelectron capture detector (µECD) was used for the chromatographic procedure. About 1 µL of the analytes solution (extracted or standard) was injected into the gas chromatograph under the splitless mode (250°C). Flow rate of helium as the carrier gas was remained constant at 1.0 mL min ), then to 230°C at 2°C min −1 and finally ramped at 30°C min −1 to 290°C (5 min), resulting in a run time of about 48 min. Detector temperature was set at 320°C and nitrogen was used as the make-up gas at 40 mL min −1 . Data collection and processing were carried out using Chemstation ® software which was as well as other chromatography apparatus from Agilent Technologies Inc. (USA).
Sample preparation and extraction
Samples Pesticide-free soil sample was used during the method development procedure. The soil was dried at room temperature, sieved (sized <2 mm) and kept in airtight amber glass containers at 2-4°C and was used for preparing blank and spiked samples. During the study, this sample showed to contain no detectable analyte and be practically blank regarding the proposed chlorinated pesticides and internal standard. This was also confirmed using the previously published techniques (29) . To prepare a spiked sample, predetermined volume of working standard, diluted in acetone, was added to the proper weight of the soil, the slurry was mixed for 15 min, then spread on the glass plates and was permitted to dry overnight. The final spiked sample was gathered in airtight amber glass and kept refrigerated.
Matrix solid-phase dispersion
Predetermined and precisely weighed amounts of blank or spiked soil sample (0.20 g), dispersing material and cleanup sorbent were transferred into a mortar, mixed for 2 min using a pestle and transferred into a polymeric extraction tube which contained 0.5 g of sodium sulfate. The contents of the tube were packed by mild pressure using a glass rod and then covered by a frit. Appropriate volume of the extraction solvent was added gradually to the tube, permitted to flow by gravity and collected in glass tube. The gathered solution was dried by a gentle stream of nitrogen and the residue was reconstructed in 1 mL of acetone (containing 1 µg mL
of trichlorobenzene), which was used either for direct injection (MSPD optimization) or as dispersing solvent in DLLME (total analytical procedure).
Dispersive liquid-liquid microextraction About 5 mL of water (0-10% w/v in sodium sulfate) solution was placed in a 10 mL screw capped glass tube with conical bottom. An 800 µL portion of fresh pure acetone or the MSPD extract (after changing the solvent to acetone), as dispersing solvent, was mixed with 50-150 µL of extraction solvent in a 1 mL syringe and the mixture was transferred into the glass tube. The resulted cloudy solution was shaken for 1 min and then centrifuged for 5 min at 4,000 rpm. A 1 µL aliquot of the sedimented phase was injected unto the chromatograph.
Design of experiments and optimization 2 sets of 2 3 full factorial design were used to study the most important factors in MSPD and DLLME (separately) and their impact on the extraction efficiency. Table I contains a brief presentation of the studied factors and their experimental domains. To find the optimum experimental conditions for the simultaneous analysis of the target analytes, geometric mean of the normalized peak areas was selected as the response (adapted from global desirability) and the optimization goal was set as maximizing this value (as described elsewhere (29)). Also, some significant factors, such as MSPD elution solvent, and weight of MWCNT and silica, were studied individually (one-at-a-time) to find the maximum extraction efficiency. Design-Expert version 7.1.6 from StatEase (USA) was used for designing the experiments and processing the responses.
Results
Matrix solid-phase dispersion
Factor selection Extraction (elution) solvent, dispersing material type, its composition (if more than one is studied, like the present work) and the weight ratio between sample and dispersing material are the most important and the most frequently studied experimental parameters of MSPD procedure. Among these, the elution solvent, based on its qualitative nature and also the number of the candidates (levels, at least five), would make the design of experiments (DOEs) complex and would certainly increase the total number of the required experiments. So, a two-step strategy was implemented to simplify the DOE and also decrease the number of experiments. First, five of the mostly used organic solvents were selected and their efficiency for extraction of the analytes from soil sample in the MSPD procedure was compared. Duplicate analyses were performed using at mid (0) levels of MWCNT and silica (Table I) , depending on the analyte, as in the Experimental section), for individual analytes. The peak areas of the analytes have been normalized among different solvents, so the largest peak area value for every analyte has become equal to unit (1) and the remaining areas (resulted from extraction by other solvents) has been divided by that value. It is clear that methanol shows the best extraction capability, except for heptachlor, which is best extracted by DCM, and hexane is the least desirable solvent. The geometric mean of the peak areas (Figure 1b) showed negligible difference between methanol, acetone, DCM and ACN. On the other hand, laboratory observations revealed that methanol and ACN pass unwieldy through the sample and took significantly (more than five times) longer time to complete the extraction (at least five times). Therefore, DCM and acetone were selected as the higher and lower levels of the extraction solvent factor in DOE. The second step to reduce the experiments number was to consider the extraction solvent as a quantitative (numerical) factor (DCM% in DCM/acetone mixture) instead of qualitative (categorical). As result, the number of center points in the design was halved.
DOE results
After performing the designed experiments and introducing the results into the software, a significant model (P-value of 0.0008) with no curvature (P-value of 0.7435) and insignificant lack-of-fit (P-value of 0.2586) was obtained at 95% of confidence level. As the Pareto chart in Figure 2a depicts, all three main factors solvent type (C), MWCNT (A) and silica gel (B), as well as interaction between MWCNT and solvent type (AC), were significant compared with both t-value and Bonferroni limits. The strength of the AC interaction can be seen in Figure 2b . The positive effect of the significant factors revealed that to obtain the best possible results, MWCNT and silica gel must be increased, while DCM was the extraction solvent of choice.
The optimum condition
Due to the DOE results, two sets of extra experiments were considered to evaluate the effect of dispersing material and to find the best possible extraction condition for all of the nine analytes. To do so, each of the dispersing materials was increased in a one-at-a-time approach while the other had been set at the maximum level. Figure 3 shows the result of increasing silica gel from 200 to 600 mg while MWCNT was kept constant at 20 mg. A similar set of experiments was also carried out, in which MWCNT was increased from 10 to 50 g while silica was unchanged (the plot is not shown). This way the optimum efficiency of the extraction was achieved at 20 and 400 mg of MWCNT and silica gel, respectively.
It is worth noting that assigning the trend of the geometric mean in Figure 3 (the similar result in the case of MWCNT) to the physico-chemical properties and behavior of the individual analytes are extremely difficult and often useless. The main reason, in the present work, is that the individual analytes showed different maximums while the geometric mean of the normalized peak areas, that was used to produce the graphs, could only demonstrate the optimum point. As an example, as indicated in Figure 3 (columns) , in the case of changing mass of silica, the maximum extraction was achieved at 600, 400 and 300 mg for γ-BHC, endrin and 4,4′-DDD, respectively. So, Figure 3 was not interpreted and just used to find the optimum points. Another important point is that a 7 mL volume of solvent was sufficient to extract the analytes independently from other factors level. The final optimized MSPD condition were 0.020 g of MWCNT, 0.400 g of silica and 7 mL of dichloromethane to extract from 0.20 g dried soil sample. Finally, after MSPD, the extract (in DCM) was evaporated to dryness and reconstructed in acetone, containing 1.0 mg L −1 of trichlorobenzene, to be appropriate for ECD and also to be compatible with DLLME.
Dispersive liquid-liquid microextraction
Throughout the MSPD, the analytes were transferred from 0.2 g of sample into 1 mL of solution and therefore at least a five times dilution occurred and this can be a serious drawback especially when trace amounts of the pesticides residue was to be analyzed. In the present study DLLME was used to improve the sensitivity of the MSPD and a similar approach was implemented to optimize the DLLME procedure.
Factor selection
Various solvents have been used as DLLME dispersing and extracting solvents. Acetone, acetonitrile and methanol are the most frequently used dispersing solvents which are miscible with both water and extraction solvent (46) . In the present work, preliminary studies showed no considerable difference between these solvents when the geometric mean was set as the response. So, acetone was selected for this purpose, because of lower toxicity. Also, chlorobenzene, dichloromethane, carbon tetrachloride and ethylene tetrachloride were candidate extraction solvents, among them CB and DCM were so difficult to be sedimented, especially from solutions of high salt concentrations. Therefore, CTC and ETC were selected and compared through DOE. Ionic strength of the aqueous solution and also volume of the extracting solvent were the remaining two factors, which studied though a 2 3 full factorial design.
DOE results
Analysis of variance results showed that a linear model could interpret the effects of the significant factors on the geometric mean of analytes peak area. Figure 4 shows the significant factors as a Pareto chart and obviously, extraction solvent volume (C), its type (B) and ionic strength of the aqueous solution (A) were significant, while there was no significant interaction.
The optimum condition
Due to the results of designed experiments, using ETC as the extraction solvent resulted in better extraction, compared with CTC. The ionic strength of the aqueous solution, as it is well known, had a positive effect. Of course, to avoid prolonging extraction time (the time spent for dissolving higher salt amounts), 10% concentration was also set as the optimum. The extraction solvent volume showed a negative effect on the response and so, decreasing this volume would result in better analyte enrichment values. Here, it is worth noting that complete and dedicate optimization of DLLME for extraction of chlorinated pesticides can be found in the literature. However, in the present work, only the relatively high preconcentrating power of DLLME accompanied with its simplicity was considered to benefit from. Because, a portion of the extraction solvent did not settle down and therefore, using lower solvent volumes needed longer centrifuge time, it was decided to stop optimization procedure with 50 µL of ETC. The final optimized DLLME condition showed a reasonable pre-concentration capability, between 13 (DDT) and 32 (DDD), as in Table II .
Discussions
Analytical performance characteristics
The final procedure was as follows: a 0.20 g of the dried and sieved soil sample was mixed with 0.020 g of MWCNT and 0.400 g of silica gel in a mortar and the mixture was transferred into an extraction cartridge, where 7 mL of dichloromethane was used to elute the analytes. The gathered solvent was evaporated to dryness and the extracted analytes were re-dissolved in 1.0 mL of acetone. About 0.8 mL of the extract was withdrawn into a syringe, together with 50 µL of ethylene tetrachloride and the mixture was rapidly injected into 5.0 mL of sodium sulfate solution (10%). After shaking and centrifugation, 1 µL of the sedimented phase was transferred to GC. The analytical performance characteristics of the method have been summarized in Table II . The method sensitivity was of acceptable level as the highest limit of detection (LOD) and limit of quantification (LOQ) belonged to 4,4′-DDT and for other analytes better results obtained. The extreme level of the linear range was not investigated, but the response was linear (R 2 > 0.990) over the calibration range. The reproducibility of the method was also evaluated based on five replicate analysis of identical spiked soil samples (at 5-53 ng g −1
, depending on analytes) and showed promising results relative standard deviation ([RSD]% <8.1%). the previously published works, i.e., Method 1, a conventional MSPD-GC-ECD using 0.5 g of soil dispersed by 2 g of 10% C18 in silica (29) ; Method 2, a QuEChERS technique for extraction from 5 g samples followed by GC-MS analysis (18) ; and Method 3, a SPME-GC-ECD procedure for 2 g soil samples (12) .
Effect of the soil organic content
To evaluate the effect of soil organic content on the extraction of organochlorine pesticides, two similar agricultural soil samples with just different organic content (from using organic fertilizers), 4.2% (Soil 1) and 2.5% (Soil 2), were selected and spiked at 5-53 ng g −1 depending on the analyte. These two samples had been analyzed prior to spike and no target analyte had been detected. The results of extraction of these sample have been demonstrated in Figure 5 and could be compared with the reference soil (i.e., the soil that has been used for method development presented in this work). Clearly, except heptachlor in the Soil 2, all of the analytes showed lower extraction tendency and the negative effect of the soil organic content on the extraction efficiency was significant, although the quantitative determination was still possible. The relative recoveries (based on the reference soil) were 71-91% for Soil 1 (higher organic content) and 77-105% for Soil 2. Of course, it was not the purpose of the present work to extract a quantitative model for interpreting or compensating the loss of efficiency due to the soil organic content. However, it seems necessary to consider that in every analysis on soil media, different recovery values could be resulted and matrix spike samples (as recommended by EPA) should be a constant part of the analytical program.
Conclusion
A simple and efficient analytical procedure for analysis of low and sub ng g −1 concentration of nine organochlorine pesticides was developed and optimized. The method was based on coupling MSPD with DLLME. The reasonable capability of MWCNT and silica as the MSPD dispersing materials was demonstrated. MWCNT due to its large surface area could provide enough surface to improve the performance of MSPD, while silica dispersed the matrix structure. Also, the enrichment power of DLLME was used to improve sensitivity of the analysis, so, 13-32 times better sensitivities could be achieved. Total procedure used <10 mL of organic solvents and <0.5 g dispersing material (of which only 4% was as MWCNT) for extraction from 0.2 g of soil sample. 
